Sediment CO,, entering via the roots, contributes a significant portion of the total carbon uptake for isoetids (small, evergreen, submersed, vascular plants). Laboratory studies of inorganic carbon uptake via the roots and shoots by five isoetids were used to model the use of root-zone CO,. Simple first-order linear models accounted for at least 75 per cent of the variation in the data for Gratiola awea, lsoetes macrospora, Uttorella uniflora and Lobelia dortmanna. For Eriocaulon septangulare, which relies almost exclusively on root-zone CO,, models could account for only about 62 per cent of the variation in root-zone CO, use. For each species, we present the best fitting regression of root-zone CO, use as a function of root-and shoot-zone CO, concentrations.
INTRODUCTION
. These and other isoetids (e.g. Lobelia dortmanna L.) have The availability and uptake of inorganic carbon b^ shown t0 photosynthetically capture CO, are central to the ecology of submerged aquatic that moves f rom the sediment interstitial water plants, as evidenced by the variety of adaptations across the root sur f aC e and through internal that such plants have for photosynthesis, Isoetids airspaces to the leaves (Wium-Andersen, 1971 ; (slow-growing evergreens with short, stiff leaves Sendergaard and Sand-Jensen, 1979; Richardson and a proportionately large root biomass) are et a l, 1984) . Interestingly, isoetids appear uncommon in carbon-poor, nutrient-poor lacustrine able to actively remove bicarbonate from the habitats and possess several uncommon adapta-surrounding water which may be the primary tions for photosynthesis. The isoetids Littorella carbon species used by most submersed aquatic uniflora Ashers. and submerged lsoetes spp. L. plants (Spence and Maberly, 1985 ; Boston, may accumulate much of the inorganic carbon Adams and Pienkowski, 1987) . used for photosynthesis by crassulacean acid CO, concentrations in the sediment interstitial metabolism (CAM), in which carbon is captured wa ter at sites where isoetids grow are typically 5 to in the dark and stored as malic acid for use in more than 100 times greater than water column photosynthesis the following day (Keeley and CO, concentrations (Roelofs, 1983; Boston et al., 1 Operated by Martin Marietta Energy Systems, Inc., 1987) . The isoetid growth form facilitates the use under contract No. DE-AC05-84OR2100 with the U.S. of sediment CO,: the plants have a large root Department of Energy.
surface for absorption; extensive internal air spaces for conductance; and in the cells surrounding the airspaces, chloroplasts arranged toward the inside of the leaves. Recently, Boston et al. (1987) have characterized the inorganic carbon regime for several North American isoetid populations and determined the ability of these plants to use root-zone CO,. Root-zone CO, was shown to contribute 65-95 per cent of the carbon uptake for
Eriocaulon septangulare With., Gratiola aurea Pursh., Isoetes macrospora Durieu., Littorella uniflora var. americana (Fern.) Gl., and Lobelia dortmanna L. at CO, concentrations similar to field conditions. In this paper, we (1) model the use of sediment CO, by these plants (2) examine the photosynthetic response of these species to CO, concentrations (3) compare the rates of carbon uptake across root and shoot surfaces and (4) relate our results to the plants' ecology. METHODS Plants were collected from three soft water lakes in Vilas County, Wisconsin, USA (46° OC N, 89° 37' W). These lakes, which typically had water column pH levels of 6-O-8-0 and alkalinities of about 01-1-0 meq I" 1 , have been described earlier (Boston and Adams, 1987; Boston et al., 1987) . Plants collected by SCUBA divers were taken to the laboratory for studies of carbon uptake (see Boston et al., 1987) .
Carbon uptake by the roots and shoots were determined for various combinations of root-zone and shoot-zone CO, over a range of 0-2-4-0 mM CO, in the root compartment, and 0-015-0-2 mM CO, in the shoot compartment. Combinations of root and shoot-zone CO, were selected to span the range of field conditions as a series of two-by-two factorials. For each species, a centre point of CO, concentrations was replicated two or three times to provide an estimate of error. For each pair of carbon concentrations tested, two chambers were used, each containing four plants. Approximately 3-7xl0*Bq 100 ml" 1 of U C (as NaHCOJ was added to the shoot compartment of one chamber and to the root compartment of the other. After the radiocarbon was added, the plants were incubated for 3 h at 20 °C and 800 /tE nr* s" 1 photosynthetically active radiation was provided by a high-pressure sodium vapor lamp. The experimental procedure has been described previously in Boston et al. (1987) .
Because essentially all of the photosynthetically incorporated "C remained in the shoots, carbon incorporation following entry across either the root or shoot surface was expressed as incorporation per unit shoot weight. The diffusion of carbon to plant surfaces may limit the rate of photosynthesis (Smith and Walker, 1980; Black, Maberly and Spence, 1981) . Therefore, the carbon incorporation from the root and shoot compartments was also expressed per unit plant surface area in each compartment.
The response surface for the per cent of carbon attributable to the transport and fixation of rootzone CO, as a function of shoot-zone and rootzone CO, was modelled by regression (SAS, 1978) . A simple first-order linear model (y = Ax, + Bx, + C), a first-order model with an interaction term 0 = ,4*, + .BAT,+ (7*! *, + £>), and a polynomial model (y = Ax l + Bx [ + Cx, + Dx\ + Ex l x, + F) were used to fit the data. For these models, (y) is the per cent of incorporated carbon entering via the roots, (x,) and (xj are the root-zone and shoot-zone CO, concentrations (mM), respectively, and (-4) to (F) are constants generated by the least squares procedure. Additionally, logit transformed data were used as model input, where, logit of the per cent of total CO, incorporation entering via the roots equals In [%/(100-%)].
RESULTS

Models for the use of root-zone CO,
Data for the contribution of root-zone CO, were expressed as the carbon incorporation per unit shoot weight when the root compartment was labelled, divided by the total carbon uptake (i.e. the carbon incorporation when the root compartment was labelled plus carbon incorporation when the shoot compartment was labelled). Results for the five species agreed with reports for these or similar species and have been presented by Boston et al. (1987) . At least 15 experimental data points were used to model the contribution of root-zone CO, to total carbon uptake, based on root-zone and shoot-zone CO, concentrations for each of the five species. Including an interaction term in the first-order models or using the second order (polynomial) models, usually yielded higher adjusted r 1 values than simple first-order models. However, any improvement was usually minor, and often when the models curved the response surface to fit data near the edges of the experimental range for the independent variables. Therefore, only the linear models are presented. The linear models accounted for at least 75 per cent of the variation in the data for all species except for E. septangulare (Table 1) , for which only a simple first-order linear model based on uptake expressed per unit shoot dry weight yielded a significant fit. The surfaces generated by the four first-order models used to fit the data for the percent of carbon uptake resulting from the incorporation of root-zone CO, for L. dortmanna are presented in Fig. 1 . Response surfaces for the per cent of CO, taken up via the roots in Fig. 1C and D are calculated from data for uptake per unit root and shoot surface area. Here, carbon incorporation per unit root surface area, when the root compartment was labelled, was divided by total carbon uptake per unit plant surface area (i.e. uptake per unit shoot surface area when the shoot compartment was labelled plus uptake per unit root surface area when the root compartment was labelled). Because uptake per unit surface area is normalized to a unit surface area, the values for these response surfaces and for the surface area based equations in Table 1 are for a plant with a root: shoot surface area of unity. If the actual root: shoot surface area for each plant were used, the data would be identical to those for uptake based on shoot weight ( Fig. 1 A, B) . For a population with a rootto-shoot surface area of 20, for example, at CO, concentrations at which a surface area based model predicts that 50 per cent of carbon uptake occurs via the roots, the prediction corrected for the root-to-shoot surface area ratio would be 67 per cent of carbon uptake via the roots.
Graliola aurea
For each of the remaining species, the best firstorder model for the contribution of root-zone CO, to total uptake for data based simply on carbon incorporation per unit shoot weight and the best first-order model based on uptake per unit plant surface area, are shown in Fig. 2 . Models using data for uptake per unit; surface area after logit transformation provided the best fits for L. uniflora, L. dortmanna and G. aurea. For /. macrospora the model using data for uptake per unit shoot dry weight after logit transformation provided the best fit.
For E. septangulare only the simple linear model based on uptake per unit shoot weight provided a significant fit (Table 1) .
Photosynthetic rates as a function of CO t
In Fig. 3 the rate of carbon assimilation (uptake via roots plus shoots) is plotted as a function of the shoot-zone and root-zone CO, concentrations. Carbon assimilation (expressed as incorporation per unit shoot dry weight) for L. dortmanna (Fig.  3 A) uptake per unit plant surface area is linearly related to CO, concentrations.
The relationship between CO, concentrations and carbon uptake per unit shoot weight for G. aurea (Fig. 3B) was different from that for L. dortmanna: carbon uptake rates initially increased with increasing CO, concentrations but seemed to saturate at root-zone CO, concentrations above about 20mM. The values shown with an asterisk for G. aurea (Fig. 3B) are data from plants that were collected in spring and had lower photosynthetic rates than the other plants used in experiments that were collected later in the year. Because carbon uptake per unit surface area was also lower, a change in mesophyll resistance is suggested. Seasonal changes in photosynthetic rates have been observed for other isoetids in the field (Boston and Adams, 1986) . Because the root-to-shoot surface area and the relative permeabilities of these surfaces were fairly constant, our determinations of the per cent of carbon entering via the roots appear robust.
The rates of carbon uptake did not saturate for the other species tested, but seasonal differences in uptake rates complicated the interpretation of the data.
Carbon uptake rates (maximum observed, and for field CO, concentrations) for the species typically found near shore (G. aurea, E. septan- 4 Carbon uptake at O05 mM shoot-zone CO, and 10 mu root-zone CO, was used to estimate uptake at field CO,. Maximum rates of carbon uptake were the maximum measured in the uptake studies.
* Includes the data of Sandergaard and Sand-Jensen (1979) .
gulare, and L. uniflora) were greater than rates for planto more common at middle to deep regions of the liuoral zone, L. dortmanna and /. macrospora, respectively (Table 2) .
Differential permeability of root and shoot surface to CO t
The ability of submersed aquatic plants to use sediment interstitial water CO, (relative to CO, in the water column) depends, among other things, on the permeability of the root surface relative to that of the shoot surface. Herein, the rate of carbon entry per unit root surface compared to the rate of carbon entry per unit shoot surface at equal external CO, concentrations is taken as a indication of the relative permeability of these surfaces (after Sand-Jensen and Prahl, 1982) . For L. dortmanna, 1. macrospora, and G. aurea the rate of carbon uptake per unit root surface area can be plotted as a function of root-zone CO, concentration (Fig. 4) . Data for carbon uptake by the roots at a given root-zone CO, concentration were plotted regardless of concentration of CO, in the shoot-zone during that experiment. Similarly, data for the rate of carbon uptake via the shoots were plotted as a function of shoot-zone CO, concentrations for the same species (Fig. 4) . The results show that for a given root-zone CO, concentration within the experimental range, the rate of carbon uptake by the roots is independent of the concentration of CO, in the shoot-zone; similarly carbon uptake by the shoots is independent of the CO, in the root-zone. For L. dortmanna and /. macrospora the rates of carbon uptake increase linearly with increasing CO, (r 1 values were 0-84 or greater). The values shown with symbols on the plot of carbon uptake via the roots for /. macrospora were from an experiment in which uptake rates were high relative to other experiments and were not included in the regression although the relationship between carbon uptake and CO, concentration was similar (Fig. 46) . For G. aurea carbon uptake by the roots saturated above about 2-0 mM root-zone CO, (Fig. 4C) . At lower concentrations the rate of carbon uptake via the roots increased in a linear fashion with increasing CO, concentration. Data for the rate of uptake via shoots for G. aurea were fit with a simple first-order linear regression; however, there is some suggestion that CO, uptake is saturated at the higher shoot-zone CO, concentrations. CO, uptake rates per unit root surface for L. uniflora and E. septangulare were variable and are not presented.
Relative permeability was evaluated at a CO, concentration of 0-2 mM for the root and shootzone for each species (Table 2) as the appropriate data were available from the carbon uptake studies using the regressions in Table 1 and values in Figs 1, 2 and 4. The roots of L. dortmanna were about twice as permeable as the shoots to CO, (i.e. the rate of carbon entry per unit surface area was about twice as great). The roots of /. macrospora were only about one-half as permeable to CO, as the shoots permeability of the roots and shoots were similar for G. aurea. For L. uniflora the root and shoot surfaces are about equally permeable, based on the regressions in Table 2 . The presence of damaged and inactive roots interfered with the accurate assessment of carbon uptake by the roots off. septangulare. Based on the available data, we estimate about equal permeability of roots and shoots for this plant. DISCUSSION For L. dortnumna, the simple linear model of the contribution of root-zone CO, to total carbon uptake as a function of root and shoot-zone CO, (Fig. 1 A) provided a reasonably good fit to the data (adjusted r 1 = 0-83). The calculated contribution of root-zone CO, of 99-5 per cent at 4-0 mM root-zone CO, and 0-015 mM shoot-zone CO,, however, falls in a region in which the model predicts that carbon incorporation via the roots will exceed 100 per cent of total carbon incorporated. Because the use of root-zone CO, is computed as a fraction of total CO, uptake, the values asymptotically approach 100 per cent. The logit model (Fig. 1B ) provides more reasonable results (i.e. predicted values can not exceed 100 per cent) and generally provided a better fit to the data ( Table 1) .
The value of 48 per cent (shown with an asterisk in Fig. 1A ) was lower than expected when compared with surrounding values because of a lower-then-average root-to-shoot surface area for the groups of plants used in that experimental run. Similar discrepancies which occur in the results for other species are shown with asterisks in Fig. 2 . These values were not included in the regressions for the contribution of root-zone CO, to total carbon incorporation which used values calculated from data expressed as uptake per unit shoot weight. This illustrates a short-coming of the expression of the contribution of root-zone CO, as a function of external CO, concentrations simply based on the incorporation from the root and shoot compartments, namely the sensitivity to the root-to-shoot surface are of individual plants. As shown for L. dortnumna and L. uniflora (Sendergaard and Sand-Jensen, 1979) , when different populations of a species were considered, uptake expressed per unit surface area is preferable.
The regressions which use data for uptake per unit weight are as good as those using uptake per unit surface area for describing the per cent of CO, entering via the roots. This reflects the fairly constant relationship between root-to-shoot surface are and shoot dry weight for the plants used here, and errors inherent in the determination of uptake per unit root area because of the inability to assess the proportion of damaged or senescing roots.
Compared with other isoetids, E. septangulare has a high root-to-shoot surface area and exemplifies those characteristics that facilitate sediment CO, see (Boston et al., 1987) . For this plant essentially all of the carbon uptake occurs via the
